Introduction
Electrical stimulation of the cerebellar fastigial nucleus confers remarkable protection from brain injury [1] . Stimulation of the fastigial nucleus for 1 hour can salvage brain injury caused by brain ischemia [2] , and this protective effect can be maintained until the tenth day when the middle cerebral artery is occluded immediately after the stimulation [3] . The protection is maximal (~50% reduction), when the middle cerebral artery is occluded 3 days after the stimulation, and gradually disappears when lesions occur 3-4 weeks following stimulation. Fastigial nucleus-stimulated brain protection does not elicit changes in cerebral blood flow and the utilization of cerebral glucose [4] . These data suggest the existence of an intrinsic neuroprotective circuitry in the brain. Excitation of intrinsic neurons of the fastigial nucleus, rather than fibers of passage, is essential for central neurogenic neuroprotection [4] . In recent decades, the mechanism of central neurogenic neuroprotection has been the subject of intensive investigation, and still remains unknown. Although the molecular factors linking fastigial nucleus stimulation need to be identified, its protective effect is mediated, at least in part, by the suppression of apoptosis [5] . Apoptosis is involved in ischemia, trauma, and neurodegenerative diseases [6] , thus playing a key role in brain injury.
Over the last decade, many neurons in ischemic areas have been demonstrated to undergo necrotic and apoptotic cell death after a stroke event [7] . Two general signaling cascades, the mitochondrial apoptosis pathway and the cell death receptor-mediated pathway, have been identified for the activation of apoptosis in cerebral ischemia [7] . The Bcl-2 family of proteins has been found to participate in these complex apoptotic signaling pathways. Members of the Bcl-2 family are pro-apoptotic or anti-apoptotic and have been studied extensively for the past two decades [8] . Mitochondria are often involved in the initiation of apoptosis [9] [10] . Once receiving an apoptotic signal, the permeability of the outer mitochondrial membrane increases, resulting in a reduction of the mitochondrial membrane potential followed by the translocation of the pro-apoptotic factor, cytochrome c, from the mitochondrial intermembrane space to the cytosol, thereby activating caspases and causing cell death [11] . Bax is a pro-apoptotic member of the Bcl-2 family, playing a key role in the induction of apoptosis [12] . The structure of Bax consists mainly of αα-helical segments and three Bcl-2 homology domains (BH1-BH3), which are the signature features of the Bcl-2 family of proteins [13] . In healthy cells, Bax is localized in the cytosol as a monomer. Stress signals induce the cleavage of the BH3-only proteins triggering the insertion/oligomerization of Bax into the mitochondrial outer membrane, and resulting in pore formation and decrease in the mitochondrial membrane potential [14] . This effect in turn leads to the release of apoptogenic proteins, such as cytochrome c, from mitochondria to the cytosol. Ischemia-induced activation of Bax has been the subject of intensive investigation, and Bax-dependent initiation and activation of subsequent apoptotic pathways has been shown to play critical roles in ischemic brain injury [15] [16] . Studies in models of global cerebral ischemia indicate that the inhibition of Bax channels can prevent the decrease in mitochondrial membrane potential and the release of cytochrome c from mitochondria, and protect neurons against apoptosis [17] . However, the mechanism of inhibiting Bax activation remains unclear.
The DNA repair proteins, Ku70 and Ku80, are DNA-binding regulatory proteins of the DNA-dependent protein kinase, and contribute to the repair of DNA double-strand breaks [18] . Several studies have shown that Ku70 may play a role in DNA repair mechanisms or inhibit apoptosis after ischemia/reperfusion injury [19] [20] . Cells from Ku70-deficient mice show increased sensitivity to pro-apoptotic agents [21] . Previous findings have also revealed that Ku70 protein is located in the cytoplasm of cultured primate cells [22] and predominantly in the cytosol of adult rat cerebellum and hippocampus [23] . Cytoplasmic Ku70 is involved in the control of cell apoptosis, specifically Bax-mediated apoptosis [24] [25] . Pro-apoptotic stimuli initiate Ku70 to directly interact with Bax through its C terminus, thereby sequestering and releasing Bax in the cytosol of mitochondria [26] . Therefore, Ku70 is an important regulator of Bax activity and has a physiological role in the regulation of Bax-mediated apoptosis.
In our previous study, electrical stimulation of the fastigial nucleus in rats increased the expression of Ku70 in ischemia/ reperfusion lesions and reduced the number of apoptotic cells [27] . However, the mechanism by which Ku70 inhibits apoptosis during this process remains unclear. Recently, in vitro studies have confirmed that Ku70 inhibits Bax-mediated apoptosis by preventing the translocation of Bax from the cytoplasm to the mitochondrial membrane [26] . Moreover, a Bax-inhibiting peptide designed from the Bax-binding domain of Ku70 has been developed and was shown to suppress Bax-mediated apoptosis [28] [29] [30] [31] . These results suggest that the protective effect of Ku70 during ischemia/reperfusion injury following electrical stimulation of the fastigial nucleus is also associated with the Bax-mediated mitochondrial apoptotic pathway. In the present study, we investigated Bax as a possible molecular mechanism underlying the up-regulation and apoptotic effect of Ku70 after electrical stimulation of the fastigial nucleus in cerebral ischemia/reperfusion lesions.
Results

Quantitative analysis of experimental animals
A total of 78 Wistar rats were randomly divided into two groups, the model group or electric stimulation group. For the model group, the right middle cerebral artery was occluded for 2 hours, followed by reperfusion for 24, 48, or 72 hours (n = 13 per time point). For the electric stimulation group, the left cerebellar fastigial nucleus was electrically stimulated for 1 hour one day before cerebral artery ischemia (2 hours), followed by reperfusion for 24, 48 or 72 hours (n = 13 per time point). For each time point, brain tissue from the right side was taken from eight rats and used for immunohistochemistry, double immunofluorescence labeling, the apoptosis assay, and western blot analysis. The remaining five rats were used for triphenyltetrazolium chloride staining and to measure cerebral infarction size.
Fastigial nucleus stimulation reduced brain infarct volume
Compared with the model group, brain infarct size was significantly decreased (by approximately 40%) at each time point after electric stimulation of the fastigial nucleus (P < 0.05; Table 1 ). However, the infarct size in the two groups was not significantly changed at reperfusion time (Table 1) .
Ku70 in the ischemia/reperfusion area increased following fastigial nucleus stimulation
Immunohistochemical staining showed that Ku70 was mainly located in the nucleolus and cytoplasm ( Figure 1A , B). Compared with control group, the number of Ku70-positive cells was significantly higher 24 hours after brain ischemia/ reperfusion injury (P < 0.05) increased further at 48 hours, and peaked at 72 hours (Figures 1, 2) . A similar effect was seen for the electric stimulation group, and furthermore, the number and intensity of Ku70 at each time point after stimulation were significantly higher than those of the model Figure 3A ).
Expression of Ku70 and apoptosis following fastigial nucleus stimulation
In the model group, the number of cells positive for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) increased 24 hours after cerebral ischemia/reperfusion injury, reached a peaked at 48 hours and declined at 72 hours. However, in the electric stimulation group, the number of TUNEL-positive cells was significantly lower than that of the model group (P < 0.05), particularly at 72 hours ( Figure 1C , D and Figure 2 ). Immunofluorescence double staining of Ku70 and TUNEL showed that Ku70-positive cells co-localized with TUNEL-positive cells ( Figure 4A ).
Ku70 and Bax expression following fastigial nucleus stimulation
Bax was mainly expressed in the cytoplasm. The number of Bax-positive cells in the electric stimulation group was not significantly different to that of the model group ( Figure 2 ). Western blot analysis further confirmed this result (Table 1 , Figure 3B ). Double immunostaining of Ku70 and Bax showed that Ku70-positive cells co-localized with Bax in the cytoplasm ( Figure 4B , C). A significantly higher proportion of Bax/Ku70 co-localized cells were found in the fastigial nucleus-stimulated group compared with the model group at 72 hours (P < 0.05; Figure 5 ).
Discussion
Apoptosis is the process of programmed cell death, and is regulated by multiple genes. The exogenous death receptor pathway and endogenous mitochondrial pathway [32] [33] are involved in this process. Mitochondria sense and amplify death signals and play an unquestionable role in regulating apoptosis despite the involvement of numerous other mechanisms [12, 34] . Moreover, many Bcl-2 family proteins, including Bcl-2, Bax, and Bcl-xl, are located in the mitochondrial intermembrane space [12] . Bcl-2 family proteins promote the release of cytochrome c and change the permeability of the mitochondrial membrane [34] . Bax is a pro-apoptotic protein in the Bcl-2 family, playing a key role in the induction of apoptosis [12] . In non-apoptotic cells, Bax resides in the cytoplasm in an inactive form, and translocates from the cytoplasm to mitochondria (by forming oligomers to insert itself deeply into the outer mitochondrial membrane) after receiving an apoptotic stimulus, where it activates caspases by promoting the release of mitochondrial pro-apoptotic factors [35] [36] . Bax insertion increases the mitochondrial permeability leading to a collapse of the mitochondrial membrane potential and the release of pro-apoptotic factors to the cytosol [37] . In neurons, the translocation of Bax from the cytosol to mitochondria represents one of the first steps in programmed cell death. The pro-apoptotic activity of Bax is related to its location, thus blocking the translocation of Bax from the cytoplasm to mitochondria may inhibit the release of mitochondrial cytochrome c, thereby inhibiting the Bax-mediated mitochondrial apoptotic pathway. Recent studies have demonstrated that Ku70 is an important factor that can regulate the pro-apoptotic activity of Bax [29] [30] [38] [39] [40] [41] [42] . Ku70 is mainly distributed in the nucleus and cytoplasm. In the nucleus, Ku70 repairs impaired double-stranded DNA. Several recent studies have found that the anti-Bax activity of Ku70 is independent from its DNA repair activity in the nucleus [43] [44] [45] [46] . The cell permeable, five amino-acid peptide, Bax-inhibiting peptide (designed from the Bax binding domain of Ku70), protects cells against Bax-dependent apoptotic stimuli in multiple cell types [47] , demonstrating the inhibition of Bax-induced death at the initial stage of activation. These results suggest that binding of Ku70 and Bax in the cytoplasm can inhibit Bax-mediated apoptosis by preventing the translocation of Bax from the cytoplasm to mitochondria [29] [30] . Accumulating evidence has also confirmed decreased expression of Ku70 before the degradation of DNA following cerebral hypoxia/ischemia in neonatal rats, and its increase after ischemic preconditioning [19, 46] . Therefore, Ku70 may play a role in the DNA repair mechanism during cerebral ischemia/reperfusion [19, 46] . In the present study, the expression of Ku70 at different time points following cerebral ischemia/reperfusion was significantly higher in the fastigial nucleus-stimulated group than in the model group. This response was accompanied by a decrease in the number of apoptotic cells and reduced infarct volumes. Moreover, Ku70 did not co-localize with TUNEL-positive cells. Therefore, these results suggested that Ku70 may exhibit anti-apoptotic activity, and thus be a protective factor during cerebral ischemia/reperfusion injury after electrical stimulation of the fastigial nucleus. However, the specific anti-apoptotic pathway involved remains unknown. Zhou et al. [48] have shown that electrical stimulation of the fastigial nucleus reduces drug-induced translocation of Bax. However, this translocation does not relate to a change in the expression levels of Bax [5] . A possible explanation for this discrepancy is that electrical stimulation of the fastigial nucleus alters the distribution of Bax but does not change its overall expression levels. The translocation of Bax and its insertion into the outer mitochondrial membrane is a critical step in the initiation of apoptosis. Once an apoptotic signal is received, Bax is oligomerized and inserted into the outer mitochondrial membrane. This effect increases the permeability of the mitochondrial membrane and causes the release of mitochondrial intermembrane space proteins, including cytochrome c, which indirectly activates caspases [37, 39] . In the current study, the expression level of Bax protein did not change after electrical stimulation of the fastigial nucleus. However, the number of cells with co-localized Ku70 and Bax significantly increased 72 hours following electrical stimulation. Furthermore, co-localization of Ku70 and Bax was increased in the cytoplasm. Our results also showed that Ku70 did not co-localize with TUNEL-positive cells. Overall, these findings suggest an involvement of Ku70 with Bax in the cytoplasm, which may provide an understanding into the anti-apoptotic activity of Ku70 in rats exposed to electrical stimulation of the cerebellar fastigial nucleus. In the cytoplasm, Ku70 may bind to Bax, thereby suppressing the Bax-mediated mitochondrial apoptotic pathway. This response may be a characteristic of Ku70 in addition to its effect on DNA repair. In conclusion, to our knowledge, this study is the first showing that preconditioning via fastigial nucleus stimulation may result in Ku70-mediated inhibition of Bax translocation.
Materials and Methods
Design
A randomized, controlled animal study. -0002 ). All rats were maintained at room temperature and given free access to food and water. Animals were treated humanely, conforming to the current ethical standards. All experiments were approved by the Animal Ethnics Committee of the First Hospital Affiliated to Guangxi Medical University, China. Every effort was made to minimize the number of rats used and their suffering.
Time and setting
Methods
Electrical stimulation of fastigial nucleus
Electrical stimulation of the fastigial nucleus was performed according to a previously described method [2] , but with slight modifications. Rats were fasted for 8-12 hours, then anesthetized with 3.5% (w/v) chloral hydrate (10 mL/kg, intraperitoneally), followed by immobilization in a brain stereotactic endoscope (Japan Mau Science Equipment Research Institute, Tokyo, Japan). After a calvarium thoracic incision was made, the fastigial nucleus was accurately positioned using a stereotaxic atlas [49] of the rat brain. With the posterior border of the anterior fontanelle set as the zero point, an 11.1-mm incision was made, with a 1.1-mm incision on the left side of the median line. A hole (5.6 mm deep) was made in the skull for the attachment of electrodes. A YC-2 programmed electrical stimulation instrument (Chengdu Instrument Factory, Chengdu, Sichuan Province, China) was used, in which a 70-µA direct-current square-wave pulse (50 Hz) was applied. Each electrical stimulation lasted 1 hour during light anesthesia.
Establishment of cerebral artery ischemia/reperfusion model
The middle cerebral artery ischemia/reperfusion model was established using the nylon monofilament occlusion method [50] . A neck median incision was made to expose the common carotid artery bifurcation by applying a suture from the external carotid artery into the internal carotid artery to a depth of 18.5 ± 0.5 mm. In the sham surgery group, the suture was only inserted to a depth of 10 mm and was then withdrawn. The scoring system described by Vemuganti et al. [51] was used to evaluate neurological impairment after rats were recovered from anesthesia. Following cerebral ischemia, rats were also tested for neurological deficits using a 5-point scale: 0, no observable neurological deficits (normal); 1, failure to extend right forepaw (mild); 2, circling to the contralateral side (moderate); 3, falling to the right (severe); 4, inability to walk spontaneously; 5, depressed level of consciousness (very severe). Rats with a score of "0" or "4" were excluded. Successful ischemia/reperfusion was confirmed by triphenyltetrazolium chloride staining, which indicated the infarct focus (foci).
Measurement of cerebral infarct volumes by triphenyltetrazolium chloride staining
Rats were anesthetized with chloral hydrate and brains removed 24, 48, and 72 hours after cerebral ischemia/ reperfusion injury. Coronal sections (2 μαm thickness) from brains were made, then placed in 2% (w/v) triphenyltetrazolium chloride (SANGON Biological Engineering Co., Ltd., Shanghai, China) solution, and staining was developed for 30 minutes at 37°C in the dark. Normal and damaged tissue was stained red and white, respectively. Sections were further fixed in 10% (v/v) formalin and then photographed (Olympus, Tokyo, Japan). The stained infarct area of each brain slice was assessed using a LUZEX-F image analyzer (Fuji Photo Film Co., Tokyo, Japan). The infarct volume was calculated using the following formula: V=t(A 1 +A 2 +...A n )-(A 1 +A n )t/2, in which "t" was the thickness of the section and "A" was the infarct area.
Immunohistochemical staining Animals were sacrificed 24, 48, and 72 hours after cerebral ischemia/reperfusion injury, the brains were collected and then embedded in paraffin. Sections (8 μm thickness) at the level of the mid-thalamus were deparaffinized. Antigen retrieval was performed by microwave irradiation of sections in 10 mmol/L citrate buffer (pH 6.0). Sections were incubated in 3% (v/v) hydrogen peroxide solution at 37°C for 10 minutes, followed by incubation in normal sheep serum for 10 minutes at 37°C. The sections were incubated with mouse anti-rat Ku70 monoclonal antibody (1:100; Abcam, London, UK) or rabbit anti-rat Bax monoclonal antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight, and re-warmed to 37°C for 20 minutes in the next morning. Sections were exposed to biotinylated sheep anti mouse/rabbit IgG (1:200; Beijing Zhongshan Golden Bridge Biological Engineering Co., Ltd., Beijing, China) solution at 37°C for 30 minutes and then incubated with horseradish peroxidase-labeled streptavidin at 37°C for 30 minutes. After several washes with PBS, color was developed using diaminobenzidine (Beijing Zhongshan Golden Bridge Biological Engineering Co., Ltd) for 5-10 minutes. Five randomly selected microscopic fields were captured using a 400 × light microscope (CX21, Olympus). The number of Ku70-and Bax-positive cells was counted, and the mean values were calculated.
TUNEL staining
Sections at 24, 48, and 72 hours were processed according to the manufacturer's directions of the TUNEL kit (Roche, Mannheim, Germany). Positively labeled nuclei (brown color) were identified from negatively unstained nuclei (blue color). The number of positive nuclei was determined by counting all the positively labeled nuclei present in five random visual fields under a microscope (400 × magnification; Olympus). The percentage of TUNEL-positive nuclei to all nuclei counted was used as the apoptotic index. Apoptotic cells were characterized as single cells with no inflammatory phenotypes, a curling of the cell membrane, and brown particulate or fragmented nuclei.
Immunofluorescence double labeling
Ku70 and TUNEL were used for immunofluorescence dou-ble labeling 24, 48, and 72 hours after cerebral ischemia/ reperfusion injury. Sections were incubated with mouse anti-rat Ku70 monoclonal antibody (1:100) at 4°C overnight and then re-warmed to 37°C for 30 minutes. Enzyme solution and TUNEL solution were mixed (1:9) and goat anti-mouse Cy5 polyclonal IgG (1:400; Abcam) was added to the sections at 37°C for 1 hour. The enzyme/label solution was added to the sections at 37°C for 60 minutes. The nucleolus was stained by incubating sections with 4′,6 diamidino-2-phenylindole (1:40) for 5 minutes. After anti-fluorescence quenching mounting agent (Abcam) was added, the staining was observed using a laser confocal microscope (Zeiss LSM510 META, Zeiss, Frankfurt, Germany).
For double labeling of Ku70 and Bax, sections were simultaneously incubated with mouse anti-rat Ku70 monoclonal antibody (1:100; Abcam) and rabbit anti-rat Bax monoclonal antibody (1:100; Santa Cruz Biotechnology) at 4°C overnight. Sections were then re-warmed for 30 minutes at 37°C. Goat anti-mouse fluorescein isothiocyanate secondary antibody (1:200; Santa Cruz Biotechnology) and goat anti-rabbit IgG/red fluorescein Rhodamine (1:200; Santa Cruz Biotechnology) was added to the sections at 37°C for 60 minutes. The nucleolus was stained with DAPI (1:40; Santa Cruz Biotechnology) for 5 minutes. After anti-fluorescence quenching mounting agent was added, the staining was observed using a confocal microscope (Zeiss). Five randomly selected microscopic fields were captured using a 400 × light microscope (Olympus). Images were collected using a confocal microscope and the numbers of double-labeled cells were counted.
Western blot analysis
Total protein was isolated from the 2-mm cortical tissue using radio-immunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). Equal amounts (20 µg) of protein were loaded and separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, then transferred to immobilon polyvinylidenefluoride membranes (Millipore Corp, Plymouth, MA, USA). Membranes were blocked with 5% non-fat milk in PBS with 0.05% Tween 20 for 1 hour and then incubated overnight on ice with mouse anti-rat Ku70 monoclonal antibody (1:200; Abcam) or mouse anti-rat Bax monoclonal antibody (1:1,000; Santa Cruz Biotechnology). Mouse anti-rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH) monoclonal antibody (1:1,000; Beyotime Institute of Biotechnology) served as the house-keeping protein. Membranes were then washed and incubated with anti-mouse antibody (1:10,000; KPL, Los Angeles, USA) for 1 hour. Immunoreactive bands were visualized using the LICOR Odyssey infrared imaging system (LI-COR, Lincoln, USA) according to the manufacturer's protocol. Densitometric analysis of bands was performed using LICOR Odyssey software (LI-COR). Ku70 and Bax band absorbance intensity was normalized to GAPDH.
Statistical analysis
Data are expressed as mean ± SD and were analyzed by the one-way analysis of variance followed by the Student-Newman-Keuls post hoc test. Statistical analysis was performed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Differences were considered significant at P < 0.05.
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